In order to develop the model to predict the microstructures of case hardening steels during vacuum carburizing, the effects of chemical compositions such as Cr and Si on carburizing behaviors were investigated using three steels based on Fe-1.1Cr-0.8Mn-0.25Si-0.2C (in mass%). The distributions of carbon near the carburized surface and grain boundary cementite (θ) were analyzed by Glow Discharge Optical Emission Spectroscopy (GD-OES) and image analysis of microstructures respectively. It was revealed that the distributions of carbon and the volume fractions of θ were affected by the chemical compositions i.e. they increased with increasing amount of Cr and decreased with increasing amount of Si. The results by X-ray Diffraction (XRD) and field emission electron probe microanalyzer (FE-EPMA) showed the carbon content in the retained austenite(γ) near the surface was around 1.4-1.6 mass% which was higher than the equilibrium condition.
Introduction
The vacuum carburizing process, which is applied for surface hardening treatments at higher temperatures and in shorter duration times compared to conventional gas carburizing processes, has been the subject of recent research. [1] [2] [3] [4] [5] [6] The vacuum carburizing process realizes not only high quality products without oxidization on the surfaces but also processes with less energy and lower exhaust of CO2 gas. 7) Since hydrocarbon gases react directly with steels during the vacuum carburizing, the amount of carbon at the steel surfaces is expected to be higher than that of the conventional carburizing processes which are controlled by Boudouard reaction. Thus the carbon can diffuse much faster during vacuum carburization.
One of the problems with the vacuum carburizing is the over-carburized microstructures comprised grain boundary carbides (mainly cementite:θ). These are often observed around surfaces of carburized products and cause poor mechanical properties, such as low ductility or brittleness.
In particular, the networked θ tends to grow at the edge where carbon diffusion from two or three surfaces converges. 4, 8) It has been reported that the addition of Si is effective in preventing the over-carburized microstructures, 6, 9, 10) however this also causes poor cold and hot formability. Thus, addition of too much Si should be avoided.
Accordingly the over-carburized microstructures can be prevented by repeating carburizing and diffusion processes alternately during vacuum carburizing for actual uses. However carbon diffusion and growth and solution behavior of θ depends not only on the carburizing process conditions and chemical compositions of steels, but also on the shapes of the carburized parts, which results in the difficulty in choosing the optimum carburizing condition for the required carbon distribution. Thus, it is important to be able to forecast the distribution of carbon and carbides accurately in order to extend applications of the vacuum carburizing process.
It has been reported that the tendency for the over-carburization depends on the chemical composition of the case hardening steel. Morita [10] [11] [12] explained that the dependence of carbon content at the surface during vacuum carburizing by the equilibrium condition with the steel and the graphite that is decomposed from hydrocarbon gases. This means that the equilibrium carbon content at the surface coincides with the γ side border of the γ+θ+graphite(Gr) three phases area in the phase diagram and can be uniquely obtained from the chemical composition and carburizing temperature. Because the carbon content can be applied as the boundary condition of the carburizing surface, the carbon distribution © 2012 ISIJ of the matrix and the equilibrium θ is calculated by solving the diffusion formulas and the thermodynamical equilibrium condition.
However, it is expected that the amount of θ differs from the amount of the thermodynamical equilibrium condition. Thus, it is required to develop a method to predict the growth rate of θ under the carbon diffusion field. Tanaka 13) developed the model to connect the macroscopic diffusion field of carbon and the microscopic carbon activity around carbides using the commercial multi-element diffusion solver, DICTRA. 14, 15) This model represented the average volume fraction and diameter of carbides in high carbon steels during the carbides dispersed carburizing process. However, its application is restricted to simple shaped parts, e.g., sphere or plate shapes and sphere shaped carbides; therefore it is difficult to apply the model to film shaped carbides observed during vacuum carburizing.
In this study we investigated the carbon diffusion and growth behavior of grain boundary θ and the effects of the amount of Cr and Si during vacuum carburizing by the following experiments and analyses.
(1) The distributions of carbon during vacuum carburizing were analyzed using the three steels. (2) The carbon contents in γ phase ware analyzed by X-ray Diffraction (XRD) and field emission electron probe microanalyzer (FE-EPMA). (3) The distribution of θ was quantified in order to investigate the precipitation and growth behavior of grain boundary θ. (4) The elemental distribution around the θ was analyzed by FE-EPMA. (5) The effect of γ grain diameter was estimated using the two specimens having different grain diameters. Finally, we discussed the boundary condition at the carburizing surface and the growth behavior of θ for prediction of the microstructure during vacuum carburizing.
Experimental Procedure

Chemical Composition Effects
In order to investigate the effects of chemical composition of case hardening steels on carburizing behavior, we applied vacuum carburizing to the three steels as shown in Table 1 . The R steel is a typical case hardening steel (same as JIS SCr420H steel). The S steel has a low amount of Cr and a high amount of Si. In contrast, the C steel has higher amount of Cr and lower amount of Si. For comparison with the boundary condition proposed by Morita, [10] [11] [12] both the overall carbon content and the carbon content in γ phase for the equilibrium border of (γ+θ)/(γ+θ+Gr) at 1 223 K were also calculated by Thermo-Calc, as shown in Table 1 . Figure 1 shows a Fe-C-Cr phase diagram and the meaning of the two carbon contents are explained as follows. When a steel having an initial composition of Fe-1.1Cr-0.2C (in mass%) (1 in Fig. 1) is carburized, the carbon in the matrix increases to the (γ+θ)/(γ+θ+Gr) border of the steel as indicated 2 in Fig. 1 . The carbon content at 2 is around 5.75 mass% which is the overall carbon content in Table 1 and the carbon content of γ phase in Table 1 Table 1 . Vacuum carburizing was conducted at 1 223 K for 60, 240 and 1 800 s. Acetylene gas was used as the carburizing gas and the specimens were immediately quenched into an oil bath after carburizing. Prior to the carburizing, the specimens were homogenized for 1 800 sec at 1 223 K.
The specimens were polished and etched by using picric acid in order to observe the microstructures in an optical microscope. The relationship between the volume fraction of θ and the depth from the carburizing surface was measured by image analysis of the microstructures. The microstructure was obtained by polishing the specimens parallel to the carburized surface and etching only the θ phase by using a mixture of NaOH and picric acid. The distribution of carbon content was analyzed by EPMA. Glow Discharge Optical Emission Spectroscopy (GD-OES) analysis was also conducted in order to analyze the distribution of carbon and other elements in the vicinity of the surfaces.
Investigation of Supersaturated Carbon in γ Phase
The solute carbon content in the matrix was estimated from the lattice constant of the retained γ phase of the R steel after quenching. The surface was slightly polished by colloidal silica in order to remove contamination. The lattice constant was measured by the Grazing-Incidence XRD method, with an angle from 2 to 10 deg. The depth of the X-ray intrusion was estimated to be less than around 1 μm and thus the diffraction pattern of the retained γ phase near the surface was obtained. The lattice constant of the martensite, a α and the retained γ phase, a γ were obtained from the diffraction pattern and the carbon content(C) in the retained γ phase was calculated by Eq. (1) proposed by Tomota, 16) where the calculated carbon content is an average in the X- (1), (2) and (3) show the initial composition (Fe-1.1 mass%Cr-0.2 mass%C), the intersectional point to the equilibrium border of (γ+θ)/(γ+θ+Gr) for Fe-1.1mass%Cr-C and the equilibrium chemical composition of the γ phase corresponding to the chemical composition of (2) respectively. ray intrusion area.
The line analysis of carbon, Cr and Si in the θ phase and the matrix was conducted by FE-EPMA using the R steel carburized for 1 800 s.
Investigation of Effect of γ Grain Diameter during Carburizing
The relationship between the γ grain diameter and carbon distribution was investigated for the R steel with two different average diameters. The conditions used for the vacuum carburizing are shown in Table 2 . The condition of R-st is same as those of the R steel in section 2.1, however R-gr was held at 1 373 K for 1 800 s in advance of the carburizing. Microstructure observation and FE-EPMA analysis around the generated θ were conducted. Figure 2 shows sectional microstructures after etching using picric acid. The dark network-like structures around the surfaces represent the grain boundary θ. It was confirmed that they already exist after 60 sec carburizing for the R and C steels. The θ becomes thicker and begins to precipitate in the inner area of the specimen with further progress of carburizing. It was also confirmed that although large θ were observed in the R and C steels, they were less detectable for the S steel by comparison for the same carburizing time.
Result
Effects of Chemical Compositions
The microstructures parallel to the carburizing surfaces are shown in Fig. 3 . Only θ phase was enhanced by etching using the mixture of NaOH and picric acid. Fine precipitations were detected at a depth of more than 60 μm of the S steel after 1 800 s carburizing. They precipitated uniformly at the grain boundaries of the γ phase and were confirmed to be θ phase by XRD analysis and chemical composition. . It was confirmed that the carburized layers developed thicker by the progress of carburizing. The macroscopic carbon distributions were almost same in all the steels and the carbon content near the surface was around 1.2-1.3 mass%. However, large amounts of θ were observed around the carburizing surface and the amounts differed for the different steels and carburizing times. In particular, fairly high carbon content was expected for the R and C steels carburized for 1 800 s. Thus, the EPMA results in Fig. 5 do not represent the actual carbon contents and the difference caused by type of the steels. Figure 6 shows the distribution of carbon contents as obtained by GD-OES analysis. The values at the depths less than 2-3 μm are strongly influenced by surface contamination and should be ignored. The carbon content increased rapidly near the surface and decreased gradually toward the inside for every specimen. The carbon content of the C steel is higher than that of the R steel at 240 s carburizing, but was nearly equal at 1 800 s carburizing, as same as for the distribution of θ. The carbon content of the S steel was less than that of the R and C steels for all conditions. The differences of Figs. 5 and 6 were due to the fact that only the carbon content in the matrix was quantified, because the step length for EPMA line analysis was 10 μm which is relatively large compared with the thickness of θ, whereas the average carbon content including the θ phase were measured by GD-OES. Figure 7 shows the relationship between the depth of X- ray intrusion and the average carbon content in the γ phase for the R steel. As shown in Table 1 , the carbon content in the γ phase at the equilibrium border of (γ+θ)/(γ+θ+Gr) is about 1.3 mass%, however the measured carbon content reached 1.3 mass% at 60 s and increased to around 1.4-1.6 mass% at 240 sec and 1 800 s. This result indicates that carbon in the γ phase becomes supersaturated with θ phase as the progresses of carburizing. Figure 8 shows the carbon (C), Si and Cr distributions measured by FE-EPMA around θ in the vicinity of the carburizing surface of the R steel. It is obvious that the amount of Si decreases and that of Cr increases inside of the θ phase; however a sharp increase in Si content and a decrease in Cr content in the matrix in the vicinity of the interface were detected. It should be also noted that the carbon content in the matrix was around 1.6 mass%, which shows a nearly equivalent value obtained by XRD, as shown in Fig.  8 .
Result of Analyzing Supersaturated Carbon in γ Phase
The Effect of Diameters of γ Phase at Carburizing
The measured diameter of the γ phase of the R-st and Rgr steel were 18 μm and 102 μm respectively before the car- burizing, which confirmed that the γ phase of the R-gr steel was sufficiently coarsened. Figure 9 shows cross sectional microstructures after carburizing after etching by NaOH and picric acid. The θ in both specimens precipitated and grew at the grain boundaries of the γ phases, and θ did not precipitate in the matrix. It was also confirmed that the thickness of the θ had no significant difference between the two specimens. The elemental distributions in the R-gr steel analyzed by FE-EPMA are shown in Fig. 10 . It is confirmed that the same distribution tendencies for Si and Cr, and the carbon content in the matrix as the R-st steel.
Discussions
The Boundary Condition of at the Carburizing Surface
Morita et al. [10] [11] [12] proposed that the boundary condition of the surface during vacuum carburizing can be defined as the γ+θ equilibrium condition of the steel and the graphite generated by resolution of the carburizing gas (acetylene). The experimental results in Figs. 2-4 showed qualitative agreements with the expectations based on their boundary condition, i.e. as shown in Table 1 . The C steel whose overall carbon content is the highest at the equilibrium border of (γ+θ)/(γ+θ+Gr) yielded a higher carbon content and θ volume fraction compared to the S steel having the lowest overall carbon content. However, the solute carbon content in the matrix near the surface of the R steel was higher than carbon in the γ phase (1.3 mass%) in Table 1 . This suggests that carbon in the matrix was supersaturated with θ phase even if inevitable contamination of carbon during the analysis was considered.
For comparison with the experimental results, the carburizing simulation for the steels shown in Table 1 was conducted by using DICTRA, the multi-elemental diffusion and phase transformation solver. The calculation conditions were set to 1 223 K and 240 s, as same as the experimental conditions described earlier in section 2.1. The carburizing boundary does not permit any flux of the substitution elements; however the carbon content is kept equal to the equilibrium border of (γ+θ)/(γ+θ+Gr) for the matrix compositions, indicated by (2) in Fig. 2 . Since the chemical compositions of the matrix alter with carbon flux and diffusion of substitution elements, the actual boundary condition for carbon was defined as the constant carbon activity of 1.0 whose referred phase is set to 'graphite'. The amount of θ and its chemical compositions are presumed to be same as the equilibrium conditions. These calculation conditions were considered to represent the theoretical boundary conditions by Morita et al. [10] [11] [12] Figure 11 shows the calculated results for the overall carbon content, solution carbon content in the γ phase, and the volume fraction of θ around the surface. The carbon content in the γ phase was around 1.3 mass% for R steel, which is less than the analyzed value in Fig. 6 . This difference can be explained as follows. The boundary condition described by Morita et al. [10] [11] [12] was introduced through the experiment using thin sheet-shaped specimens carburized for relatively long carburization. However, at the early stage of carburizing, the carbon flux at the carburizing surface is expected to be quite intense and the carbon content increases rapidly, but the growth rate of θ is limited and not rapid enough to produce equilibrium amount of θ. Thus, carbon becomes supersaturated in the matrix with θ phase. As the flux of carbon is lowered with the progress of carburizing, the grown θ reaches the equilibrium amount and the supersaturation of carbon in the matrix disappears. This does not conflict with the fact that the carbon content at the surface of 1 800 s carburizing is less than that of 240 s carburizing as seen in Fig.  7 . Figure 12 shows the phase diagram of Fe-C-Cr-08Mn-0.25Si (mass%) at 1 223 K. Explanation of the thermodynamic conditions of γ and θ phases for the R steel having the supersaturated γ phase by using Fig. 12 is as follows.
When the carbon content increases from the initial amount (1) into the (γ+θ) two phase area in the phase diagram via the carburizing, the generated θ is less than the equilibrium amount and the carbon in the matrix becomes supersaturated with θ as mentioned above. In this case, the carbon activity at the γ/θ boundary can be assumed to be equal to that of the γ phase because of a high diffusion rate of carbon. Additionally, the distributions of Cr and Si in γ and θ obtained by FE-EPMA suggests that the γ/θ boundary condition maintains the local equilibrium with the partitioning of the elements. From these results, it is assumed that the γ phase can reach the supersaturated condition, as indicated (2), and its interfacial condition to the θ phase is obtained by the γ phase that equilibrates the θ phase on the iso-carbon-activity line, as shown by (3) in Fig. 12 , respectively. The interfacial conditions of the supersaturated γ with θ phase at carbon activity of 0.8 and 0.6, were indicated by (3)' and (3)'' respectively.
The consideration of the boundary condition for the vacuum carburizing surface using the conditions of these two γ phases (2) and (3)- (3)'' is as follows. Because soot is sometimes produced on the carburized surfaces during vacuum carburizing, the supersaturation condition with θ phase at the surface is considered as the boundary condition, and modeled on the assumption of thermo-dynamic equilibrium on the iso-carbon-activity line. As mentioned above, the carbon content of the S and C steels in the supersaturated γ phase with θ phase was calculated to 1.31 mass% and 1.51 mass% respectively, which means the supersaturation of carbon is intense in the C steel and less so in the S steel. Because the growth rate of θ is expected to be accelerated by the increase of carbon activity, the degree of supersaturation of carbon at the carburizing surface is consistent with the tendency of the θ amount shown in Fig. 4 . This also explains the difference in the carbon distribution obtained by the GD-OES in Fig. 6 .
Precipitation and Growth Behavior of Grain
Boundary θ As shown in Fig. 3 , both the coarse θ at the vicinity of the surface and the fine θ away from the surface were generated uniformly, and the θ precipitates at a particular point, i.e. a triple junction of grain boundaries was not observed.
Thus it is estimated that the θ nucleates uniformly at the grain boundary. Because Figs. 8 and 10 indicate no difference in the carbon content between the R-st and R-gr steels, it is suggested that the boundary conditions for both specimens are equivalent.
On the other hand the average area ratio of the grain boundary per unit volume is different for the R-st and R-gr steels and should affect the amount of θ. Additionally, the amount is less than the equilibrium amount as confirmed by comparison of Figs. 4 and 11. These results suggest that we have to develop a kinetically-based growth model of the θ precipitating from the grain boundary in order to forecast the amount of θ during carburizing. Because no effect of the diameter of the γ phase for the distributions of Cr and Si around θ was confirmed by Figs. 8 and 10, it is expected that a single model can describe the growth behavior of θ for the matrix with variant γ diameters by assuming of growth rate control kinetics under the local equilibrium condition. This does not conflict with Fig. 9 that shows no effect of the γ diameter on the thickness of θ. Figure 13 shows the microstructure of the carburized surface of the R steel after 1 800 s. The main phase covering the surface consisted of θ. This suggests that the surface also acts as the precipitation site for θ. The bright area shown between θ was a retained γ phase. It is also expected that the θ covered surface during long carburizing alters the border condition from γ/(γ+Gr) metastable equilibrium condition to a more stable condition; i.e. the equilibrium condition of (γ+θ)/(γ+θ+Gr). The distributions of carbon and θ for the R and C steels show a clear difference at 240 s carburizing but less so at 1 800 s. This can be explained by the assumption that the covered carburizing surfaces equalized the boundary conditions for both steels. This transition also decreased the supersaturation of carbon in the γ phase, and thus the carbon content at 1 800 s around the surface is lowered as shown in Fig. 7 .
However, it should be noted that vacuum carburizing is usually conducted with combinations of carburizing and diffusion processes to suppress the generation of the coarse grain boundary θ. Thus, the transition of the boundary conditions described above is rarely expected in conventional manufacturing.
Conclusions
In order to develop a model for predicting carbon diffusion and growth behavior of θ for vacuum carburizing, we investigated the relationship between the chemical composition of a steel and the distribution of carbon content and θ represent the equilibrium compositions of γ phase at the γ/θ interface, when the γ phase is supersaturated with θ phase and has the carbon activity of 1.0, 0.8 and 0.6 respectively. Fig. 13 . The carburized surface observation of the R steel after 1 800 s carburizing. Note that the surface was etched using NaOH and picric acid. The darker areas that nearly covered the picture is the θ phase shaped like a film covering the carburizing surface and the white (brighter) dispersed areas are the retained γ phase. © 2012 ISIJ volume fraction. Additionally, the carbon solution in the matrix was also analyzed. These investigations yielded the followings.
(1) For the steels investigated, θ was generated at grain boundaries and grew with carburizing.
(2) Although differences in the macroscopic carbon distributions are not recognized by EPMA, it is confirmed that the carbon concentration in the matrix in the vicinity of the carburizing surface increases with Cr addition and decreases with Si addition, based on GD-OES analysis.
(3) The volume fraction of the generated θ depends on the chemical composition of the steel. It increases by the amount of Cr and is suppressed by addition of Si. The amount of θ tends to be less than the equilibrium θ especially for short time carburizing.
(4) The carbon content in the matrix was 1.4-1.6 mass% as determined by FE-EPMA and XRD. It is larger than 1.3 mass% which is the carbon content in the γ phase at the (γ+θ)/(γ+θ+Gr) equilibrium border. This means that carbon in the matrix becomes supersaturated.
(5) No effect of coarsening of the γ phase diameter on the distribution of chemical composition around the θ/γ interface or growth behavior of θ was observed.
From the results described above, the following conclusions were obtained to predict the carbon diffusion and growth behavior of θ.
(1) The boundary condition of the carburizing surface during vacuum carburizing is applied by the carbon activity at the γ/(γ+Gr) meta-stable equilibrium border. The local equilibrium condition of the γ phase at the interface of θ phase can be obtained by the γ/(γ+θ) border on the isocarbon-activity line.
(2) The grain boundary of the γ phase is considered to be the only precipitation site for θ, and the θ precipitates and grows uniformly. Since the amount of θ does not coincide with the equilibrium amount of θ, a kinetic model for the growth behavior of θ is required. The γ diameter does not affect the local equilibrium condition in the vicinity of the γ/θ interface.
